T he Gram-negative bacterium Pseudomonas aeruginosa utilizes the members of the OprD outer membrane (OM) protein family for the uptake of many small, hydrophilic nutrients required for the growth and function of the cell. 1À9 OpdK is an OprD family member that may be involved in the uptake of vanillate and related aromatic acids. 3, 5 The recently reported X-ray crystal structure of the OpdK protein revealed a monomeric, 18-stranded β-barrel with a kidney-shaped transmembrane pore (Figure 1) . 10 Van den Berg and colleagues have also reported the X-ray crystal structure of the OprD protein, 11 the archetype of the OprD family, which is implicated in the uptake of positively charged amino acids. 12, 13 While the overall structure of the OprD protein is very similar to that of OpdK, 10,11 a striking distinction between these two channels is the conformation of the pore-restricting loop L3. The conformation of this loop in OpdK determines that its constriction is substantially wider than that in OprD (the narrowest diameter is 8.0 Å in OpdK compared to 5.5 Å in OprD, as measured by the side chain to side chain distance).
Current fluctuations observed in single-channel experiments with OM proteins are determined by spontaneous stochastic gating of the pore, 14, 15 which is a fundamental feature of most β-barrels. 16À24 The mechanisms by which β-barrel protein pores switch among various well-defined, functionally distinct energetic states are still not well understood. 18, 19 Three possible hypotheses were raised for the mechanisms of gating in β-barrel pores from Gram-negative bacteria: (i) the electrostatic hypothesis, which implies local electrostatic alterations within the eyelet of the pore lumen, precluding ions from crossing the limiting barrier; 16, 18, 19 (ii) the steric hypothesis, which involves extensive stochastic movements of the long loop L3, occluding the interior of the pore; 11, 18, 20, 23, 25, 26 (iii) the motions of other large extracellular loops that fold back into the interior of the pore. 21, 22, 27 There are various mechanisms that drive spontaneous gating in β-barrel membrane protein pores. Recently, we showed that introducing a pool of negative charges within a robust β-barrel protein pore can induce current fluctuations in the form of welldefined transient current closures, which are otherwise absent in the native protein. 28, 29 Conformational fluctuations of the L3 extracellular loop that folds back into the pore lumen is a hallmark in the spontaneous gating of trimeric porins, including the outer membrane proteins C (OmpC) and F (OmpF) of E. coli.
20,23,30À33 Liu and Delcour showed that single-site mutations that alter a putative hydrogen bond between loop L3 and the barrel wall, along with ion-pair interactions at the root of the L3 loop impact the spontaneous gating activity of OmpC. 20 While the 16-stranded barrels of OmpC and OmpF have no significant sequence and structural homology to proteins of the ABSTRACT: OpdK is an outer membrane protein of the pathogenic bacterium Pseudomonas aeruginosa. The recent crystal structure of this protein revealed a monomeric, 18-stranded β-barrel with a kidney-shaped pore, whose constriction features a diameter of 8 Å. Using systematic single-channel electrical recordings of this protein pore reconstituted into planar lipid bilayers under a broad range of ion concentrations, we were able to probe its discrete gating kinetics involving three major and functionally distinct conformations, in which a dominant open substate O 2 is accompanied by less thermodynamically stable substates O 1 and O 3 . Single-channel electrical data enabled us to determine the alterations in the energetics and kinetics of the OpdK protein when experimental conditions were changed. In the future, such a semiquantitative analysis might provide a better understanding on the dynamics of current fluctuations of other β-barrel membrane protein channels.
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OprD family, the inward-folded conformation of loop L3 is, in both protein families, an important contributor to the formation of a narrow channel constriction. Thus, the perturbation of interactions within the interior of β-barrel OM pores is likely to play a general and critical role in determining the frequency of spontaneous channel gating, the duration of the closing events, and the amplitude of the current fluctuations produced by functionally distinct conformations of the obstructing parts of the protein. 23, 34 In the past decade, several groups have employed full-atomistic molecular dynamics (MD) simulations to examine spontaneous stochastic gating of OM proteins from Gram-negative bacteria. 21,35À38 The obvious advantage of computational biophysics studies is the direct inspection of the gating kinetics in OM proteins, which is not achievable with electrophysiological techniques. For example, Faraldo-Gomez and colleagues explored ferric hydroxamate uptake component A (FhuA) of E. coli and found that the extracellular loops move as relatively stiff entities relative to the protein lumen. 39 On the other hand, MD studies were recently pursued to reveal enhanced stability of some extracellular loops in β-barrel OM proteins. 40 Therefore, these recent theoretical studies well complemented single-channel electrical recordings with reconstituted proteins into lipid bilayers, illuminating a different type of mechanistic information on the stability and spontaneous stochastic gating of OM proteins.
In this study, we focused on the systematic exploration of the kinetics of the stochastic spontaneous current fluctuations observed with the OpdK protein as a result of the alterations of experimental conditions, such as salt concentration in the chamber and applied transmembrane potential. We employed singlechannel electrical recordings to demonstrate that the OpdK protein pore undergoes a kinetic pathway with three major open substates. Methodical analysis of dwell-time histograms of the discrete current fluctuations was used to derive the kinetic rate constants for the transitions of the OpdK protein pore from one energetic substate to another as well as the corresponding standard free energies. A simple three-state kinetic model and a three-barrier, two-well free energy landscape were used to interpret the current transitions among the three major open substates of the OpdK channel. In addition, we examined electrical recordings collected with loop-deletion OpdK mutants to reveal a better understanding of the impact of long extracellular loops on the single-channel dynamics of the channel.
' EXPERIMENTAL SECTION Cloning, Overexpression, and Purification of OpdK. The OpdK gene lacking the part coding for the signal sequence was amplified from genomic DNA of P. aeruginosa and was then cloned into the pB22 vector 41 with the E. coli YtfM signal sequence at the N-terminus and introducing a 7-His tag at the N-terminus and a TEV protease cleavage site for removal of the His tag. The protein was expressed in C43 (DE3) E. coli cells. Cells were grown at 37°C for 3 h until OD 600 ∼ 0.6 and then induced by 0.1% (w/v) arabinose and grown for 3À5 h at 30°C. Subsequent steps were performed at 4°C. After harvesting by centrifugation, the cells were resuspended in TSB buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl, 10% (v/v) glycerol) and ruptured at 15000À20000 psi (1 psi ≈ 6.9 kPa) in a microfluidizer (Avestin Emulsiflex C-3). Total membranes were obtained by centrifugation at 100000g for 40 min, after which the pellet was resuspended in 1% LDAO in TSB and stirred for 2 h. This solution was centrifuged at 100000g for 30 min, and the supernatant was loaded onto a nickel column (chelating sepharose; GE Healthcare) equilibrated in TSB containing 0.2% LDAO. After washing the column with 15 column volumes 20 mM imidazole in TSB/0.2% LDAO, the protein was eluted with 250 mM imidazole.
The protein was concentrated and loaded on a gel filtration Superdex-200 26/60 chromatography column (Amersham Biosciences), equilibrated in 10 mM Tris/50 mM NaCl/0.05% LDAO pH 8. OpdK containing fractions were pooled and concentrated to ∼0.2 mg/mL. TEV protease was added at a molar ratio of ∼5 (OpdK:TEV), and the protein was incubated at room temperature overnight with gentle rocking. Subsequently, NaCl was added to 300 mM and imidazole to 5 mM, and the solution was loaded onto a small (∼2 mL) nickel column. The column was washed with 5 column volumes buffer containing 5 mM imidazole and combined with the flow through. The pure OpdK protein was concentrated to ∼5 mg/mL (determined by OD 280 , using a E 1% of 17), aliquotted, and flashfrozen in liquid nitrogen. The purity of the OpdK protein samples was assessed by SDS-PAGE gel electrophoresis (Supporting Information, Figure S1 ).
Engineering of Loop-Deletion OpdK Mutants. The ΔL3, ΔL4, and ΔL7 loop deletions of the OpdK protein were made by PCR (Expand high fidelity PCR system, Roche) (Supporting Information, Tables S1 and S2). The deletions were made based on inspection of the wild-type OpdK structure (WT-OpdK), 10 with the requirement that the residues immediately before and after the deletion were close enough in space so that they could be replaced by a single glycine residue without introducing large conformational changes and perturbations of other neighboring loops. All deletions were verified by DNA sequencing. Expression and purification of the loop-deletion OpdK mutants were carried out in the same way as for the WT-OpdK protein, including the removal of the N-terminal His-tag by cleavage with TEV protease. Biochemistry ARTICLE Single-Channel Current Recordings on Planar Lipid Bilayers. Single-channel current measurements were carried out with planar lipid membranes. 42, 43 Briefly, both chambers (1.5 mL each) of the bilayer apparatus were separated by a 25 μm thick Teflon septum (Goodfellow Corp., Malvern, PA). An aperture in the septum of ∼60 μm diameter was pretreated with hexadecane (Aldrich Chemical Co., Milwaukee, WI) dissolved in highly purified n-pentane (Burdick & Jackson, Allied Signal Inc., Muskegon, MI) at a concentration of 10% (v/v). The standard electrolyte in both chambers was 1000 mM KCl, 10 mM potassium phosphate, pH 8.0, unless otherwise stated. The bilayer was formed with 1,2-diphytanoyl-sn-glycerophosphocholine (Avanti Polar Lipids Inc., Alabaster, AL). OpdK was added to the cis chamber, which was at ground. Current flow is shown as positive, and it represents a positive charge moving from the trans to cis chamber. Currents were recorded by using an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster City, CA) connected to the chambers by Ag/AgCl electrodes. 44, 45 An Optiplex Desktop Computer (Dell, Austin, TX) equipped with a Digitdata 1440 A/D converter (Axon) was used for data acquisition. The output from this amplifier was also filtered by an 8-pole low-pass Bessel filter (Model 900, Frequency Devices, Haverhill, MA) at a frequency of 10 kHz and sampled at 50 kHz. Acquisition and analysis of data were performed using pClamp 10.2 software (Axon).
The time resolution of the single-channel electrical recordings can be derived using the relationship for the rise time of the filter T r = 339/f c , where f c is the corner frequency of the low-pass Bessel filter. 46 For a value of f c = 2 kHz, we obtain T r = ∼170 μs. This value would give us a dead time T d = 0.54 Â T r = 92 μs. Events shorter than this value were missed. Most of the current transitions were much longer than 100 μs. We estimated that the missed current blockades, under all experimental conditions explored in this work, were not more than 6% of the total number of events in each trace. In addition, the fitted average dwell times were greater than 1 ms, which is well above the time resolution of these measurements. Therefore, we did not introduce corrections for the missed events.
47À49
' RESULTS
WT-OpdK Protein Exhibits a Kinetic Pathway with Three
Major Open Substates. We adopted an intentionally exploratory approach for examining the biophysical properties of the WT-OpdK protein. The features of the pore gating were investigated when the KCl concentration and the applied transmembrane potential were varied on a systematic basis. Importantly, we needed to remove the 7-His tag at the N-terminus because this engineered polypeptide fragment enhanced the current noise and the frequency of the low-conductance O 1 open substates (Supporting Information, Figure S1 ). All singlechannel data presented in this work were acquired with the 7-His tag-free OpdK protein.
Single-channel data showed that the OpdK protein inserts in both orientations. 10 This conclusion was previously relied on the asymmetry of the single-channel electrical current recorded at identical positive and negative applied transmembrane potentials. However, there is a preference of the OpdK protein to insert more frequently in one direction than in other (∼75% versus ∼25%). All our single-channel electrical data presented in this work were collected with the OpdK protein inserted in dominant orientation (∼75%). For example, in 1 M KCl, the single-channel current corresponding to the most probable O 2 substate and measured at a transmembrane potential of þ80 mV, under preferred orientation, was 23.5 ( 2.3 pA. At the same time, we recorded a slightly greater current of À27.6 ( 3.5 pA at a transmembrane potential of À80 mV (n > 5 distinct determinations), revealing the asymmetry of the observed singlechannel current. Vice versa, if a single-channel insertion was characterized by a greater current at a positive voltage bias than at a negative voltage bias, then we assigned that this protein channel adopted the less preferred orientation. This finding is quite different from what we have learned with the trimeric OmpF and OmpC porins, which insert in a single direction with the extracellular opening facing the cis side of the chamber.
In Figures 2À5 , we show typical single-channel electrical traces with the WT-OpdK protein recorded under various conditions of KCl concentration and applied transmembrane potential. Clearly, these traces exhibit three distinct major open substate current levels (O 1 , O 2 , and O 3 ) that were further explored using standard dwell time and current amplitude histograms. These three major current substates were determined using both all-points current amplitude histograms (Figures 2À5) and standard histograms of fitted current amplitude levels (Supporting Information, Figure S2 ). The fitted current amplitude histograms were derived using the Figure S2A ) and exhibited an event probability smaller than ∼1.4%. Overall, we found that the three major open substates O 1 , O 2 , and O 3 occurred with a total event probability of at least 96% of the recorded singlechannel events.
The fit of standard dwell-time histograms of all substates contained a well-defined single-exponential function. To determine the number of exponentials for the best fit, we employed the log likelihood ratio (LLR) test to compare different fitting models. 48À50 At a confidence level of 0.95, the best model was single-exponential dwell-time distribution.
Fits to a two-exponential model were not significantly better than single-exponential models, as judged by the LLR value.
Using standard protocols in ClampFit 10.0 software (Axon), we choose three levels corresponding to the three current substates. For positive transmembrane potentials, the levels 0, 1, and 2 were chosen for the O 1 Figure S3 ).
The duration of each open substate and its event frequency was strongly dependent on the applied transmembrane potential and the KCl concentration in the chamber (Figures 2À5). Dwell time histograms of all events revealed a total of three exponential time distributions. This finding confirmed the rule that the minimum number of discrete states in a Markov process is equal to the number of exponential components in the probability density functions for those states. Single-Channel Electrical Recordings with the Loop-Deletion OpdK Proteins. To better understand the dynamics of the current fluctuations exhibited by the WT-OpdK protein, we performed single-channel electrical recordings with the loopdeletion OpdK mutants. Crystal structure of the native OpdK protein revealed that there are three long, tightly packed extracellular loops, L3, L4, and L7, located near the pore constriction. Therefore, we decided to explore deletions employing these loops. Since these extracellular loops are tightly packed within the pore interior, we designed them in such a way that the residues immediately before and after the deletion were close enough in space so that they could be replaced by a single Gly residue without introducing a significant conformational change or a perturbation of other loops (Supporting Information, Table S2 and Figure S4 ). OpdK ΔL3 mutant lacks the region Asp124-Pro129. Importantly, this region of the L3 loop forms two salt bridges, Asp124-Arg16 (between L3 and pore wall, respectively) and Arg126-Glu78 (between L3 and L2, respectively). The second and third deletion-loop OpdK mutants, OpdK ΔL4 and OpdK ΔL7, lack the regions Leu166-Lys175 and Ser281-Gly287, respectively. OpdK ΔL7 also removes a salt bridge, Arg284-Asp116 (between L7 and L3, respectively).
Our single-channel electrical recordings showed no statistically different behavior of OpdK ΔL3 from the native OpdK protein at room temperature (Supporting Information, Figure  S5A and Figure S5B ). When a single OpdK ΔL4 protein was reconstituted into a planar lipid bilayer, again we observed a three-state discrete single-channel behavior but featured by very short-lived, hardly resolvable current fluctuations between the open O 2 and O 3 substates (Supporting Information, Figure  S5C ). The current amplitude of the O 2 to O 3 single-channel fluctuations was somewhat smaller than that value observed with the WT-OpdK protein and the OpdK ΔL3 mutant, presumably due to very short current transitions between these substates.
In contrast to the OpdK ΔL3 and OpdK ΔL4 proteins, a dramatic alteration of the channel behavior was found with the OpdK ΔL7 mutant (Figure 6 ). This mutant exhibited a much greater single-channel conductance than that value measured with the WT-OpdK protein. The all-points current amplitude histogram showed a major peak located at ∼725 pS, which is almost double than the single-channel conductance recorded with the WT-OpdK protein under similar conditions (350 pS).
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In addition, the single-channel electrical signature of the OpdK ΔL7 protein revealed rapid and large-current amplitude fluctuations, indicating a large perturbation of the loop packing within the pore interior. We showed a typical electrical trace recorded with OpdK ΔL7 at þ40 mV, since this channel became very unstable at greater applied transmembrane potentials (e.g., þ80 mV). occurred under all experimental conditions explored in this work and with a total event probability of at least 96%, we adopted a three-state kinetic model for calculating the four rate constants (Supporting Information). We employed the average parameters of event frequency ( f ) and event dwell time (τ) of the flanked O 1 and O 3 The voltage and KCl concentration dependences of the kinetic rates are shown in Figure 7 . Remarkably, the kinetic rates k O2fO3 and k O3fO2 , which involve the transitions O 2 T O 3 , are not clearly voltage dependent ( Figure 7A ). In contrast, the k O2fO1 rate constant increased with the increase in the absolute value of the applied transmembrane voltage. The k O1fO2 , k O2fO3 , and k O3fO2 kinetic rate constants were strongly dependent on the KCl concentration in the chamber ( Figure 7B ). For all experimental conditions explored in this work, we observed that k O1fO2 > k O2fO1 and k O3fO2 > k O2fO3 . Biochemistry ARTICLE activation free energies are the following: 
Analysis of the
At positive transmembrane potentials, the standard free energy ΔG O1fO2 increased with increasing KCl concentration in the chamber (Figure 8 , Supporting Information, Table S3 ). For example, at an applied transmembrane potential of þ80 mV, ΔG O1fO2 was À2.6 ( 0.1 and À4.2 ( 0.6 k B T in 1 and 4 M KCl, respectively. Since we considered the open O 2 substate a reference for all changes of the energetic maxima and minima in response to experimental alterations, this finding suggests that increasing KCl concentration destabilizes the open O 1 substate with respect to the open O 2 substate. In contrast, the standard free energy ΔG O3fO2 decreased in 4 M KCl concentration in the chamber. Since, the O 2 T O 3 transitions are not voltage dependent, we found that the average values of the ΔG O3fO2 standard free energy, in the range of the transmembrane potential of À80 to þ80 mV, were À1.7 ( 0.2 and À0.3 ( 0.2 k B T in 1 and 4 M KCl, respectively. Finally, we found that the standard free energy ΔG O1fO2 is always greater than that value of ΔG O3fO2 for all conditions examined in this work.
' DISCUSSION
In this paper, we describe a comparative analysis of several sets of single-channel electrical data on the kinetics and thermodynamics of the gating process of the OpdK protein pore from P. aeruginosa. This protein exhibits a discrete kinetics that undergoes a three-well, two-barrier free energy landscape. Applying harsh experimental conditions, such as high KCl concentration in the chamber and applied transmembrane voltage did not modify the number of major wells or barriers that define the discrete kinetics of the OpdK protein. Moreover, we observed symmetry of the gating dynamics with respect to zero applied transmembrane potential (Figures 2À5), which is similar to most β-barrel membrane protein pores. 17À19 This symmetry of gating cannot be detected with voltage-gated channels, which undergo drastic conformational changes over a narrow voltage range. 59 Some β-barrel protein pores exhibit asymmetric gating dynamics in response to applied voltage. 6, 60 The asymmetry in voltage dependence can also be observed with β-barrel porins reconstituted in liposomes containing membrane fractions that include lipopolysaccharides (LPS). Figures S2, S3, and S5) . The total event probability of these major open substates, under all experimental conditions explored in this work, is at least ∼96%. Therefore, we adopted a three-state kinetic model (Supporting Information). Each open substate underwent a single-exponential distribution of the dwell time. Since in a Markovian system the number of exponentials is identical with the number of discrete substates, 51 the spontaneous stochastic gating of the OpdK protein follows a linear kinetic scheme. On the basis of this assessment, our qualitative and quantitative aspects of the spontaneous gating of the OpdK protein are relied on the time constants and event frequencies determined for the flanked open O 1 and O 3 substates (Supporting Information). To verify the correctness of this approach, we first determined the average τ O2 dwell times from the histograms of the open O 2 substate, which is based on a modelindependent determination. Independently, we then calculated the average τ O2 dwell times using the protocol based on eq 1, employing data extracted directly from the dwell-time histograms of the flanked open O 1 and O 3 substates. The latter value of the average τ O2 dwell time is based upon a model-dependent determination. Table 1 shows that these figures are closely similar, confirming the validity of the chosen three-state kinetic model. Assuming that the dwell times τ O1 , τ O2 , and τ O3 are identical, we estimated that the maximum errors of the kinetic rate constants k O1fO2 , k O2fO1 , k O3fO2 , and k O2fO3 , by omitting the contaminating channel substates, were 26, 0.8, 4.6, and 10 s À1 , respectively. Our single-channel experiments with loop-deletion OpdK mutants provided a better understanding of the packing of long extracellular loops within the pore interior. OpdK ΔL3 showed a single-channel electrical signature similar to the WT-OpdK protein. This result contrasts our prior study with the OprD protein that indicated a direct participation of loop L3 to the pore constriction. 11 In this previous work, single-channel current recordings with a loop-deletion OprD ΔL3 mutant showed a drastic increase in unitary conductance, about 2-fold as compared to the wild-type OprD protein. We conclude that the Asp124-Pro129 region of L3 does not participate directly in the current fluctuations observed with the WT-OpdK protein. A different result was obtained with the OpdK ΔL7 protein, which exhibited a significant increase in the single-channel conductance (Figure 6 ). It should be noted that the OpdK ΔL7 protein removed an ion pair, Arg284-Asp116, between the L7 and L3 loops, respectively. These electrical recordings confirm the X-ray crystal structure of the OpdK protein that shows a direct participation of loop L7 to the constricted area of the pore lumen.
In Figure 7 , we show the effects of the alterations in the KCl concentration and absolute applied transmembrane voltage on the three-state discrete kinetics of the OpdK protein pore. All free energy changes resulting from experimental alterations of the OpdK protein are with respect to a chosen reference, the most thermodynamically stable O 2 substate. At a transmembrane potential of þ80 mV, increasing KCl concentration in the chamber from 1 to 4 M had a statistically significant impact on kinetic rate constants k O1fO2 , k O2fO3 , and k O3fO2 . The KCl concentration-induced shift in the O 1 and O 3 minima produced an overall change of the standard free energies ΔG O1fO2 and ΔG O3fO2 (Figures 8 and 9 , Supporting Information, Table S3 ).
We conclude that increasing KCl concentration to 4 M in the chamber results in a less energetically stable low-conductance open O 1 substate, but a more energetically stable large-conductance open O 3 substate, increasing the overall standard free energy ΔG O1fO3 . These alterations of the activation free energies might be attributable to electro-osmotic effect on the fluctuating polypeptide parts within the protein interior. It is likely that increasing KCl concentration in the chamber decreases the strength of the ion-pair interactions among the large extracellular loops, which otherwise have a stabilizing effect. 37, 38 One example is the Asp116-Arg284 ion pair between loops L3 and L7, respectively. Rodrigues and colleagues reported that increasing KCl concentration in the chamber had a dramatic effect on the association and dissociation rate constants between neutral poly(ethylene glycol)s and the staphylococcal R-hemolysin (RHL) protein pore.
62 Increasing KCl concentration from 1 to 4 M, they found several hundred-fold increase in the association rate constants, whereas the dissociation rate constants decreased several hundred times.
Interestingly, increasing the absolute transmembrane voltage has no impact on the kinetic rate constants k O2fO3 and k O3fO2 ( Figure 7A ). This finding suggests that the part of the OpdK protein that undergoes this detectable conformational fluctuation, in the form of the low-amplitude current transitions, is not located within the high voltage drop of the pore interior. In contrast, increasing the applied transmembrane potential determined an enhancement of the k O2fO1 rate constant, decreasing the activation free energy ΔG O2fO1 6 ¼ (Figures 7 and 9) . We judge that increasing the applied voltage does not impair the energetic stability of the large-conductance open O 3 substate but catalyzes the frequency of the large-amplitude closures (O 2 f O 1 ). The low-amplitude current transitions O 2 T O 3 occurred with a very high frequency. This finding is in accord with a highly flexible movable part of the protein. In contrast, the large-amplitude closures occurred with a low frequency. Recent crystallographic work, along with single-channel electrical recording and site-directed mutagenesis, showed that an OprD ΔL3 deletion mutation of the structurally related OprD protein pore destabilized the polypeptide chain in the form of rapid current fluctuations.
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It should be noted that these experimental perturbations of the OpdK protein are not only followed by alterations of the thermal equilibrium among the three wells but also by modifications of the equilibrium within each of the wells. The former process is slow, involves thermally activated crossing barriers between wells, and has an exponential dependence on the barrier height. The latter process involves a much faster downhill Brownian diffusional transition, 63 which is not resolvable using our technique. Undoubtedly, the single-molecule dynamics of spontaneous gating of a β-barrel protein pore is a complex process that depends on a broad array of experimental factors, including the lipid composition of the monolayers, 61 the temperature, 26 ,32,64 the pH, 21 ,22,65À67 and the pore electrostatics. 17, 29, 34 In the future, a better understanding of spontaneous stochastic gating will be instrumental in the redesign of the β-barrel proteins that will potentially be used as stochastic sensor elements. 24,68À70 Certainly, more experimentation, molecular engineering, and computational biophysics are required to obtain a better understanding of the functional properties and spontaneous gating dynamics of the OpdK protein. For example, temperature-dependent single-channel experiments 26, 55 with loop deletion mutants would be instrumental in revealing the key mechanisms responsible for the stochastic motion of the extracellular loops within the pore interior. The precise nature of the gating transitions made by fluctuating loops might be determined by obtaining the enthalpic and entropic contributions to the kinetic and thermodynamic constants, revealing information about which process in the stochastic motion of the loops is dominant. It should be remembered that the conditions of our single-channel electrical recordings (e.g., the lipid composition of the membranes, the applied transmembrane potential, the ion concentration of the chamber) depart from the physiological environment of P. aeruginosa. 4, 71 The singlechannel current measured with OpdK protein in 150 mM KCl and at a transmembrane potential of several millivolts would not enable the detection of discernible and discrete open substates that can be altered by external changes of the system. We also executed single-channel electrical recordings with the OpdK protein in 500 mM KCl, which is much closer to the physiological conditions, and observed that the number of Figure S7 ). On the other hand, complementary molecular dynamics studies might be employed to examine the OpdK gating fluctuations under conditions that are much closer to the native features of the outer membranes of P. aeruginosa.
Since the high-resolution structure of this protein is now available, 10 one immediate question is how are these major open substates related to the OpdK structure? We speculate that the crystal structure should normally reflect the most thermodynamically stable conformation of the protein. In our case, the most stable conformation is the open O 2 substate. It is also true that the crystallization conditions depart from those experimental physical features of the reconstituted OpdK protein into the planar lipid bilayer. Nevertheless, it is unlikely that the structure of the OpdK channel should be related to the conformation of the open O 1 substate, since its probability is much lower than those values of the open O 2 and O 3 substates. Using MD simulations, Bond and colleagues found that the lipid bilayer environment and physiological salt concentrations contribute to alterations of the conformation of the extracellular loops in OpcA. 36 In summary, we showed a simple model that accounts for the three major open substates of the OpdK protein pore, an OprD family member of P. aeruginosa. 10 We derived the kinetic and energetic constants based on a methodical approach of altering the KCl concentration in the chamber and changing the applied transmembrane potential. Our data indicate that the increase in the applied transmembrane potential had no effect on the lowamplitude current transitions but increases the frequency of the large-amplitude current closures. Single-channel data with loopdeletion mutants suggested a direct participation of loop L7 within the constriction of the pore lumen, which confirms the X-ray crystal structure of the OpdK protein. This work demonstrates that single-channel electrical recordings can be used to derive the alteration of the free energy landscape in response to drastic changes of experimental conditions, facilitating a better understanding of the wide range of discrete dynamical behaviors of protein channels and pores. 
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